The optical properties of core collapse supernovae from relatively massive C+O star progenitors are studied as a possible model for the recent Type Ic supernova 1997ef. The light curve of SN 1997ef has a broad maximum lasting ∼ 25 days and an exponential tail declining as slow as 56 Co decay, and is found to be well reproduced by the explosion of a C+O star of 6 ± 1.5 M ⊙ with a kinetic energy of 1.0 +0.9 −0.6 × 10 51 ergs. The evolution of the overall spectral shape is also in a qualitatively good agreement with the prediction of the same model. With a distance of 52.3 Mpc and no reddening to the parent galaxy UGC4107, the inferred mass of ejected 56 Ni turns out to be 0.15 ± 0.03 M ⊙ and a small amount of mixing out 56 Ni is favored from the point of view of the light curve. This is an interesting case suggesting that Type Ic supernovae (SNe Ic) can be 'fast' like SN 1994I but also 'slow'. These latter objects seem to originate from more massive progenitors.
INTRODUCTION
The supernova 1997ef (SN 1997ef) was discovered on November 25, 1997 at an R magnitude of 16.7 near the spiral galaxy UGC4107 (Nakano 1997). The first spectrum was taken by the CfA group right after the discovery on November 26 (Garnavich et al. 1997a ). Photometric and spectroscopic follow-ups have subsequently given good resolution optical spectra and light curves (Garnavich et al. 1997a,b,c; Hu et al. 1997; Wang et al. 1998) . The spectra are dominated by some broad lines but did not have any clear feature of hydrogen or helium ) so that it has been tentatively classified as Type Ib/Ic. Any further distinction between Type Ib or Ic was made difficult by the somewhat peculiar spectral appearance at maximum light. However, SN 1997ef seems more likely to be a Type Ic due to the weakness of the possible He feature and to the similarity of the spectrum to that of the SN Ic 1994I . Obviously, more detailed spectrum analysis is required before a firm conclusion can be drawn. Figure 1 shows the visual light curve of SN 1997ef (Garnavich et al. 1997b,c) . SN 1993J (Type IIb) and SN 1994I (Type Ic) are also shown for comparison (Richmond et al. 1996a (Richmond et al. , 1996b . We can see that the light curve of SN 1997ef has quite a flat peak that lasted for ∼ 25 days, which is much broader than those of both SNe 1993J and 1994I. The tail of the light curve of SN 1997ef starts only ∼ 40 days after maximum, much later than in both SNe 1993J and 1994I. Also, in the tail, SN 1997ef declines almost linearly, at a rate 1.1 × 10 −2 mag day −1 , which is close to the 56 Co decay rate 9.6 × 10 −3 mag day −1 and is much slower than the decline rate of SN 1993J, 1.8 × 10 −2 mag day −1 . These facts suggest that the progenitor of SN 1997ef should have been more massive than those of SNe 1993J and 1994I. This motivates us to investigate the possibility that SN 1997ef is a core-collapse supernova whose progenitor was an envelope-stripped massive star .
The heterogeneity in the light curves of Type II and Ib/Ic supernovae suggests that they are related to a variety of evolutionary scenarios in close binary systems van den Heuvel 1994) . For example, SN 1993J is thought to be a core collapse event that originated from a massive star which had lost most of its hydrogen-rich envelope (Nomoto et al. 1993; Podsiadlowski et al. 1993; Woosley et al. 1994) , while SN 1994I is thought to have lost even its He layer before the collapse of the core Iwamoto et al. 1994; Woosley, Langer & Weaver 1994) . A general discussion of the shape of the light curve of such envelope-stripped supernovae is given by Clocchiatti & Wheeler(1997) , who carefully analyzed the gamma-ray deposition in ejecta of different masses.
The main purpose of this paper is to try to deduce as much information as possible on the progenitor of SN 1997ef, which seems to be another interesting example of such envelope-stripped supernovae. We present some hydrodynamical models for SN 1997ef and their theoretical light curves and spectra from detailed radiation transfer calculations. This paper consists of the following five sections. In §2 we estimate the ejecta mass from the width of the peak of the optical light curve and construct a progenitor model to be tested. In §3 and 4, we describe the method and results of our calculations of light curves and spectra, respectively. Section §5 is devoted to a discussion of the possible evolutionary scenarios and the determination of basic parameters such as the explosion energy, the ejecta mass, and the mass of ejected 56 Ni. Finally, we summarize our conclusions in §6.
PROGENITOR MODEL
In order to estimate the progenitor mass, we first compare the light curve of SN 1997ef with that of SN 1993J. The width of the flat peak ( τ peak ) can be approximately given by a simple analysis, equating the time scale of photon diffusion τ diff ∼ κρR 2 /c to the dynamical time-scale of the explosion τ dyn ∼ R/v. Then we have a relation
where the explosion energy is approximated by E exp ∼ 1/2M ej v 2 , and κ and c are the optical opacity and the speed of light, respectively. Equation (1) shows that the time-scale depends mainly on the ejecta mass. SN 1993J had τ peak ∼ 15 days, which was well reproduced with an ejecta mass of 2-2.5 M ⊙ ). To have a broader peak with τ peak ∼ 25 days, the ejecta mass must be around 6 M ⊙ . In order to verify this prediction, we calculated light curves for C+O star models with different masses. Figure 2 shows the results for 4, 6 and 8 M ⊙ C+O stars with a simple opacity, i.e. a constant (0.015) plus electron scattering. A 6 M ⊙ C+O star model gives a fairly good fit to the light curve of SN 1997ef.
A 6 M ⊙ C+O star could be a possible progenitor if SN 1997ef does not have a He layer. According to stellar evolution calculations (Nomoto & Hashimoto 1988) , a main-sequence star of 25 M ⊙ develops an 8 M ⊙ He core and subsequently a 6 M ⊙ C+O core inside. If both the hydrogen-rich and He layers are stripped off by either a wind or Roche lobe overflow, the resulting 6 M ⊙ C+O star would be a good candidate for SN 1997ef. In the outer part of the C+O star that has just lost the He layer, the Kelvin-Helmholtz time-scale τ KH is estimated as
where L is the luminosity, V the volume of the C+O core, nk B T the thermal energy per unit volume, and M is the mass of the C+O layer). This is short enough for a C+O star to expand and adjust itself into an equilibrium state before explosion. It should be noted, however, that if the mass-loss rate from the C+O star progenitor is relatively high, the density structure would be shallower than in the hydrostatic case, and this would also make the density structure in the ejecta shallower. For simplicity, we constructed a progenitor model by attaching a hydrostatic and in-thermal-equilibrium C+O envelope to a 6 M ⊙ C+O core, which is taken from the presupernova model of an 8 M ⊙ He star (Nomoto & Hashimoto 1988) . Hereafter, we refer to this model as CO60.
LIGHT CURVE CALCULATION
The SN explosion is simulated by depositing thermal energy just above the mass cut so that the final kinetic energy is 10 51 ergs. The hydrodynamics at earlier phases was calculated using a Lagrangian PPM code (Colella & Woodward 1984) with a simple nuclear reaction network including only 13 elements (Müller 1986 ). The parameters that we applied in the light curve calculation for CO60 is summarized in Table 1 . Figure 3 shows the composition structure versus the expansion velocity. For a snapshot model when the ejecta has reached homologous expansion, we started the light curve calculation with a one-dimensional spherically symmetric radiation transfer code (Iwamoto 1997) .
The code solves a multi-frequency radiative transfer equation for the specific intensity I ν in the comoving frame, including all terms up to the first order in v/c (Mihalas & Mihalas 1984) ,
where κ ν and σ ν are the absorptive and scattering opacities, respectively, B ν is the Planck function and µ is the cosine of the angle between the radial direction and the direction of the ray. This equation is solved numerically using the Feautrier method with an approximate Lambda operator similar to the one described by Hauschildt (1992) . To determine the gas temperatures, Equation (3) is solved simultaneously with the energy equation and the first two moment equations of Equation (3). The energy equation of the radiation plus gas is written as
while the radiation energy and momentum equations are
and
respectively, where e is the thermal energy of the ions and electrons per unit mass, and E, F and f are the radiation energy density, flux, and the Eddington factor defined below:
Partial derivatives with respect to t in Equations (3)-(6) mean the Lagrangian time derivatives. The absorptive and scattering parts of the opacity are given as
respectively, where κ b−b , κ b−f , κ f−f are the bound-bound, bound-free, and free-free opacities, n e is the number density of free electrons, σ T the Thomson scattering cross section. In the moment equations, the energy mean (κ E ) and the Planck mean opacities ( κ P ) include only the absorptive part, while the flux mean opacity (χ F ) should be the total opacity. For bound-bound transitions, energy levels and transition probabilities are taken from the compilations by Kurucz (1991) . For bound-free data, we used an analytic fitting formula to the photoionization cross sections given by Verner & Yakovlev (1995) . We assumed Local Thermodynamic Equilibrium (LTE) to determine the ionization balance and the level populations within each ion. But, we approximated the effect of non-LTE assuming that a constant fraction of bound-bound transitions should be treated as absorptive processes. From experiments with spectrum-fitting, we chose a value ǫ = 0.1 for this fraction in Equations (10) and (11). The energy deposition due to the radioactive decays is calculated with a one energy-group gamma-ray transfer code. We assumed an absorptive opacity κ γ = 0.04 for the gamma-rays, and complete trapping of the positrons. The rest-frame flux is calculated from the comoving frame quantities applying the transformation laws of special relativity: Figure 4 shows the calculated visual light curve of CO60. For this calculation, we used 200 radial mesh points to solve the moment Equations (4)- (6), while 800 frequency and 50 radial mesh points were used for the multi-frequency radiative transfer Equation (3). The observed light curve of SN 1997ef is also plotted with filled circles and error bars in Figure  4 for comparison. We adopt a distance of 52.3 Mpc, i.e. 33.6 mag in distance modulus, which is estimated from the recession velocity of 3,400 km sec −1 (Garnavich et al. 1997a ) and a Hubble constant H 0 = 65. The reddening is unknown yet, but it is expected to be small, as suggested by the weakness of the interstellar Na I D absorption lines. We assume no reddening, A V = 0.0, to fit the light curve with a nickel mass of 0.15 M ⊙ .
Among the different 56 Ni distributions that we tried, the best fit was obtained when the 56 Ni was mixed half way out to the surface, up to 2 M ⊙ from the bottom of the ejecta. Model CO60 reproduces well both the overall shape of the peak and the peak-to-tail ratio observed in SN 1997ef. At around day 60, the photosphere has receded and the ejecta is entering the nebular phase. Therefore, the agreement after this epoch is based on our assumption of ǫ = 0.1, which is in fact an arbitrary choice in our LTE light curve calculations and should be justified empirically by the comarison between the computed and observed spectra, or from the first principles with more detailed non-LTE light curve calculations (for example, Höflich & Khokhlov 1996) .
Finally, to check our light curve calculations, we also compare the spectra calculated with the light curve code to the observed ones now available (Garnavich et al. 1997a,b,c) . Figure 5 shows the calculated spectra for several epochs corresponding to the light curve ages of 19, 38, 46, and 71 days after the explosion. For this detailed spectrum calculation, we increased the number of frequency mesh points up to 2,500. The synthetic spectrum does not change if we use a larger number of mesh points. We find that the overall continuum shape and the basic line features, the position of line centers and the width of the lines are reproduced, at least qualitatively, by model CO60.
SYNTHETIC SPECTRA
Based on the light curve calculations discussed in the previous section, we computed synthetic spectra using model CO60 and a Monte Carlo spectrum synthesis code (Mazzali & Lucy 1998, in preparation) . This code is based on the pure scattering code described by Mazzali & Lucy (1993) , but has been improved to include photon branching, so that the reprocessing of the radiation from the blue to the red is followed more accurately and efficiently.
We produced synthetic spectra for four epochs for which observed spectra are available: Dec 5, which is near maximum, Dec 24 and Jan 1, at the beginning of the decline phase, and Jan 26, which is already in the tail of the light curve. We adopted a distance modulus of µ = 33.6 mag, and E(B − V ) = 0.00. The absence of reddening is justified by the fact that no signature of a narrow Na I D interstellar absorption line is visible in the spectra of SN 1997ef, at any epoch.
The density structure and the composition are from model CO60. The model parameters, the computed temperatures and the magnitudes of the synthetic and observed spectra are listed in Table 2 .
The four observed spectra and the corresponding fits are shown in Figures 6-9 . Although the first spectrum, obtained before maximum, is quite different from those of other SNe Ib/c, showing just a few very broad features, the spectra at the other three epochs have developed features that are easy to identify, such as the IR triplet of Ca II at ∼ 8200Å, the O I absorption at 7500Å, several Fe II features in the blue, and they look very similar to the spectrum of the Type Ic SN 1994I. Note that because of the rather high degree of ionization and the low abundance the Ca II IR triplet is rather weak in the synthetic Dec 5 spectrum, but it becomes very strong later.
The synthetic spectra computed using the Monte Carlo code and model CO60 give reasonable fits to the three later epochs. For the Dec 5 spectrum the fit is not nearly as good, but the main line identifications are at least confirmed. In all four synthetic spectra the features are too narrow. This suggests that the real density structure is flatter than in CO60, and possibly that the mass in the ejecta is larger. The Dec 5 spectrum is most affected by this problem, because the photospheric velocity is largest. An increase of the mass at high velocity would lead to broader lines, which would blend more and generate a smoother spectrum, like the observed one. The two 'emission peaks' observed in that spectrum at ∼ 4400 and 5300Å correspond to the only two regions in the blue part of the spectrum that are relatively line-free. A similar situation is observed in the recent SN 1998bw that is possibly associated with GRB 980425.
Further study of the explosion models is necessary to reproduce the spectra with more accuracy. This study is currently under way, and will hopefully help us understand the differences between 'slow' and 'fast' SNe Ic.
DISCUSSION

Possible Evolutionary Scenarios
Here we summarize possible evolutionary scenarios leading to C+O star progenitors, which have been proposed by . Suppose we have a close binary system with a large mass ratio. In this case, the mass transfer from star 2 to star 1 takes place inevitably in a non-conservative way and the system experiences a common envelope phase where star 1 is spiraling in to the envelope of star 2. The fraction of binaries which survives without merging depends on the binary parameters. Then we are left with a bare He star (star 2) and a main-sequence star (star 1), with a reduced separation.
The mode of further mass loss from the He star depends on its mass. The tendency is for small mass He stars to have a larger radius so that they can fill their Roche lobe more easily and lose mass via Roche lobe overflow. On the other hand, larger mass He stars have too small a radius to fill their Roche lobe, but a large enough luminosity that they can drive a strong wind. Then we expect two different kinds of Type Ic events, fast ones and slow ones, depending on the mass of the progenitor. SNe Ic from smaller mass progenitors show a faster light curve and spectral evolution, because the ejecta become more quickly transparent to both gamma-rays and optical photons. The recent SN Ic 1994I was a fast SN Ic, while SN 1997ef is a slow one.
The presence of both slow and fast Type Ib/Ic supernovae has been noted by Clocchiatti & Wheeler (1997) . The slow SN Ic case might also relate to a Wolf-Rayet star progenitor. In order for a massive star to lose a few solar masses in 10 7 − 10 8 years, the required average mass-loss rate would be 10 −8 − 10 −7 M ⊙ year −1 , which is easily achieved in Wolf-Rayet stars. Another possibility to form a massive CO star is a very massive single main sequence star, because such a star could lose the H and He layers through its strong stellar wind.
Constraints on E exp and M ej
Here we try to give a rough estimate of the allowed range of the explosion energy E exp and the ejecta mass M ej using our model fitting to the observed light curve and spectra. First, we look at the most prominent absorption feature on day 71 around 8,200Å, which is identified as the Ca II IR triplet (λ 8498, 8542, 8662Å). This gives an expansion velocity at the corresponding line forming region β = v/c = (λ − λ 0 )/λ 0 ∼ 0.04. The spectrum fit is still marginally consistent with an additional blueshift of up to 70Å or a redshift of 80Å. This gives us a constraint on the expansion velocity, thus on
We can use the light curve to place another constraint on E exp and M ej . The duration of the light curve peak approximately scales as Equation (1). Considering the sources of atomic data we employed for calculating the opacity, the largest uncertainty lies in bound-bound contributions, which could be uncertain by as much as a factor of 2 in the worst cases. On the other hand, the total opacity at maximum light is dominated by electron scattering in the oxygen-dominated mixture. Therefore, the uncertainty in κ is not expected to be more than 10 percent. This provides another constraint, through ∆E exp /E exp ∼ 2∆κ/κ:
If we combine these two constraints, we obtain a domain for the allowed values of M ej and E exp shown in Figure 10 . The ejecta mass is likely to be M ej = 4.4 +1.5 −1.5 M ⊙ , while the explosion energy would be E exp = 1.0 +0.9 −0.6 × 10 51 ergs.
The Mass of Ejected 56 Ni
Here we evaluate the uncertainty in our estimate of the ejected 56 Ni mass. We need 0.15 M ⊙ of 56 Ni to get a reasonable fit to the light curve of SN 1997ef at a distance of D = 52.3 Mpc. The inferred mass of 56 Ni depends in fact on our assumptions on the distance and reddening. Assuming a 10% change in the distance, we expect a 20% difference in the 56 Ni mass. The distribution of 56 Ni affects the peak luminosity somewhat, but the effect is found to be much smaller than that introduced by the uncertainty on the distance. Therefore, it would be safe to say that the mass of the ejected 56 Ni has an uncertainty of ∼ ±0.03 M ⊙ . Figure 11 shows for a number of SNe the mass of 56 Ni ejected against the main sequence mass of the progenitor star, both of which are obtained from fitting the optical light curve (Shigeyama et al. 1988; Iwamoto et al. 1994; Turatto et al. 1998) . The amount of 56 Ni apparently increases with increasing main sequence mass of the progenitor, but it is almost zero in the case of SN 1997D, which had a main sequence mass of about 26 M ⊙ . It should be stressed, however, that if the progenitors have evolved in close binary systems, the initial main sequence mass may not be a good indicator of the final sizes of the He, C+O, and Fe cores, and thus of the mass of 56 Ni ejected. This has to be taken into account somehow when we apply the Fe yield given in Figure 11 to any kind of chemical evolution models (Nakamura et al. 1998) .
Another important point is to determine to what extent 56 Ni is actually mixed out. According to the hydrodynamical simulations of the Rayleigh-Taylor instability in the ejecta of envelope-stripped supernovae (Hachisu et al. 1991; Iwamoto et al. 1996) , large scale mixing cannot be expected to occur in massive progenitors because of their shallow density gradients in the He cores. However, our light curve modeling indicates that some amount of mixing certainly gives a better fit to the observations. One possibility to induce such mixing is to have convection above the oxygen burning shell in the presupernova evolution, which has been studied by Bazan & Arnett (1994) . Further investigations, especially a detailed spectral analysis for the different epochs, is necessary to investigate this issue further on the observational side.
CONCLUSIONS
A relatively massive C+O star is proposed as a possible progenitor of SN 1997ef. We found that the explosion of such an object reproduces the basic characteristics of both the light curve and the spectra of SN 1997ef. The mass of the C+O star is estimated to be 6 ±1.5 M ⊙ , while the explosion energy is 1.0 +0.9/-0.6 ×10 51 ergs. With a distance modulus of 33.6 and no reddening, the required mass of 56 Ni is ∼ 0.15 M ⊙ . From the light curve modeling, a small amount of mixing out 56 Ni is favored. The progenitor star could be produced from a ∼ 25 M ⊙ main sequence star in a close binary system or from a very massive single star that experienced strong wind-type mass-loss. This is an interesting case suggesting that both slow and fast Type Ic supernovae exist, and that they originate from progenitors of different masses.
Synthetic spectra computed with such a model reproduce the observed lines qualitatively, but the synthetic lines are narrower than the observed one, suggesting that a flatter density structure than what is obtained from the explosion model used here actually applies to SN 1997ef. Understanding this point and how it relates to a model of a progenitor may help us distinguish between possible different evolutionary scenarios leading to the bare C+O cores that become SNe Ic. 26 Jan 1998 
